When a stringent strain of Escherichia coli is starved of an amino acid, RNA synthesis, as usually measured, as well as protein synthesis, stops.' Several explanations have been proposed for this observation. It has been suggested (1) that the discharged transfer RNA, accumulating during amino acid starvations, inhibits the RNA polymerase ;, 2 (2) that transcription and translation are coupled, through a mechanism in which the ribosomes in the process of protein synthesis pull RNA off the DNA template;3-5 and (3) that the synthesis of one of the substrates for RNA synthesis, UTP, is subject to amino acid control.6 All these theories also reflect the general belief that the synthesis of all species of RNA, messenger, transfer, and ribosomal, are equally subject to the same control. However, clear support for or against this theory of "coordinate control" has been lacking due to difficulty in obtaining an unambiguous measure of the amount of messenger RNA or unstable RNA made under conditions of amino acid starvation;7 it is to this question that this work is addressed.
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In previous work it has been established that under conditions where there is little net RNA synthesis, as is the case during amino acid starvation, the entry of a radioactive base into the intracellular nucleotide pool is severely restricted.8-'0 It is therefore possible that under these conditions the synthesis of unstable forms of RNA, not contributing to net RNA synthesis, may go undetected due to the failure of the labeled precursors to enter the intracellular pools.8' 10 That this is in fact the case, and that considerable RNA synthesis can be measured during amino acid limitation, is shown in this paper.
Methods.-The bacterial strains used in this study were E. coli K-12, E. coli NP-2 (formerly called KB), and a mutant of the latter, NP-29 (formerly 1-9), carrying a temperature-sensitive valyl-tRNA synthetase."1 These cells were cultured in a Trisbuffered medium,'2 supplemented with 0.001 M K2HPO4, 0.4% glucose, 20 Ag/ml adenine (which inhibits the interconversion reaction between guanine and adenine"), and 0.05 ug/ml thiamine-HCl. For the growth of strains NP-2 and NP-29, this medium was further supplemented with 20 ;zg/ml uracil and 10 mg/ml vitamin-free case amino acids (Difco).
To measure the total rate of synthesis of RNA, HI-guanine or H'-guanosine was added to cultures as described in the Results section. Samples of 1 ml were removed and added to 0.5 ml of cold 0.75 .11 perchloric acid. The cells were collected on membrane filters (the filtrate saved for isolation of GTP) and washed six times with 2 ml of 5% trichloroacetic acid containing 100 /Ag/ml guanine (or guanosine), followed by two washings with 2 ml H20. The dried samples were counted in the liquid scintillation spectrometer in a toluene-based counting mixture. Determination of the specific activity of the tritium-labeled GTP pools requires a measurement of the total amount of GTP present in the samples. This was obtained by adding to the cultures, 15 to 25 min prior to the beginning of the experiments, either C"-guanine in the case of the experiment with E. coli K-12, or Results.-In a previous paper it was shown that the incorporation of a radioactive RNA precursor into RNA is a measure of net RNA synthesis (in growing cells this is essentially the accumulation of stable forms of RNA by the cell, since the unstable forms are normally only a small fraction of the RNA). 1 For measurements carried out over long periods this conclusion is obvious since the unstable fraction, once labeled, contributes little to the isotope incorporation. On the other hand, this statement also proves true even for relatively short labeling periods. Although in principle it should be possible to measure total RNA synthesis, stable plus unstable, by following isotope incorporation over times short relative to the half life of the unstable RNA, in practice this is not the case. This follows from the fact that with E. coli the addition of a radioactive RNA precursor to the culture medium does not lead to an immediate labeling of the intracellular pools of RNA precursors.12 One concludes in fact that the entry of isotope into the intracellular pools is subject to feedback control,'4 in such a way that the entry of isotope is not significantly faster than the rate at which pool components are removed for net RNA synthesis.8. 10 Because of this limitation in isotope entry into the pools, the rate of incorporation into RNA is no faster than the net rate of RNA synthesis even over short labeling times.
In these experiments we measure the total rate of RNA synthesis by measuring the initial rates of incorporation of H3-guanine into RNA. To compensate for the fact that the pool of GTP becomes labeled slowly relative to the sampling times, and at different rates under different conditions of incubation, the GTP is isolated from each sample and its specific activity measured. Figure 1 describes an experiment to measure RNA synthesis in E. coli K-12 during amino acid starvation. E. coli K-12 is subject to growth inhibition by the addition of valine to the culture medium. The valine, serving as a false feedback inhibitor of the first enzyme in isoleucine biosynthesis, causes an isoleucine starvation."5 Figure 1A shows the growth of this strain and the immediate inhibitory effect of valine addition. Figure 1B shows the effect of valine addition on net rate of RNA synthesis; net synthesis is reduced to 6 per cent relative to the untreated control. Figure 1C shows the initial rate of uptake of H3-guanine into the nucleic acid in an untreated culture and a culture to which valine was added 8 minutes earlier. Like the data in Figure 1B , a reduction (about 20-fold) in guanine uptake is seen. (These values are not so precise because in this experiment a small amount of H3 is being counted in the presence of a large amount of C'4.) Figure 1D shows the specific activity of the H3-GTP during this initial period of labeling. The data, H3-GTP/C14-GTP, having been normalized to the C14-GTP present, are therefore corrected for a small decrease seen in size of the GTP pool on amino acid starvation,9 and also for the variation in recovery of the GTP from sample to sample in the course of its isolation. From these data it is obvious that the entry of H3-guanine into the GTP pools in the isoleucine-starved cells is greatly slowed; on the average, the specific activity Figure 2A shows the growth of NP-29 in a control culture at 30.50, and in the experimental cultures shifted first to 450 for one minute and then to 410. The growth rate of the cultures at 410 is about 3 per cent of that of the control. (The procedure used to bring the growth of NP-29 to an abrupt halt, that is, heating for one minute at 450, had no adverse effect on the growth of E. coli NP-2, the strain from which NP-29 was derived.) Figure 2B shows the incorporation of H3-guanosine into cultures of NP-29 at 30.50 and 410. These measurements indicate that net RNA synthesis, like growth, is reduced in the culture incubated at 410 to about 6 per cent of the control. Figure 2C shows the initial rates of incorporation of H3-guanosine into RNA in the control and two experimental cultures at 410. It shows that guanosine incorporation measured 8 minutes after the shift in temperature is on the order of 5 per cent of the control, and in a culture tested 18 minutes after the shift in temperature 6 .5 per cent of the control. Figure 2D shows the rate at which the GTP increases in specific activity after adding H3-guanosine in these same three cultures. Just as seen above, the H3-guanosine enters the pools only very slowly in the two cultures incubated at 410. The abrupt increase in the pool specific activity in the first 15 seconds following the addition of guanosine in this experiment can be attributed to pool expansion;1 this is not seen in the experiment described in Figure iD where the pools have been pre-expanded by growth in medium containing C14-guanine. Table 1 summarizes the data found in Figure 2 . Whereas the rates of guanosine incorporation, estimated from the slopes of the uptake curves, have been reduced by valyl-tRNA starvation by about 20-fold relative to the control in the two experimental samples, the slow pool labeling largely accounts for these differences, being reduced about 10-fold relative to the control. Thus, total RNA synthesis in the experimental samples, as a fraction of that of the control, is 45 To a culture of e. coli NP-29, growing at 30.50, was added 0.4tc/RNl of carrier-free H2P04 to give a final specific activity of 0.4 cc/smole. The culture was then divided into four paris to provide one control and three experimental cultures. These latter, 18 min after p32 addition, were shaken for 1 mi at 450 and then transferred for further incubation to 410. RNA synthesis was measured by adding to each flask, at the indicated times, Ht-guanosine (300 itc/iamole, 0.02 usmole/mnl) and sampling into perchioric acid. Two of the three experimental cultures were used to measure the initial rate of H-guanosine incorporation into RNA (C) and into the GTP pools (D), 8 and 18 min, respectively, after the change in temperature. To the third experimental culture, H3-guanosine was added immediately after the change in temperature, and samples were taken for a measure of net RNA synthesis (B). To the control culture, H3-guanosine was added at an GDr,40 of 0.55; one series of samples was taken to measure the initial rate of incorporation into RNA (C) and entry into the GTP pools (D), and a second series was taken, over a longer time span, to measure net RNA synthesis (B). For (D) the H3-GTP activity was determined as the H3/P32 ratio in the isolated GTP. These data were normalized to that ratio of H3/P32 obtained on duplicate samples of cells taken from the control culture 23 min after the addition of H3-guanosine (1053 H3 cpm/4128 P32 cpm = 0.255). This time is sufficient to label the GTP with the exogenous guanosine fully, and therefore the data (relative specific activity) show the fraction of the fully labeled H3-GTP specific activity. those obtained in studies where hybridizations or GC content19 were used to determine messenger abundance.
We conclude from these studies that although during amino acid or aminoacyltRNA limitation of growth there is a large reduction in stable RNA synthesis, there exists a considerable synthesis of unstable RNA. In work to be reported elsewhere, these same techniques are used to measure RNA synthesis during the transients of growth obtained by shifting cells from a rich medium, supplemented of amino acids, to a poorer minimal medium, or the reverse. In the case of shift down in growth, as in the case of amino acid starvation, what appears to be a normal synthesis of unstable RNA is seen, although there is little net RNA synthesis. In the case of the shift up, an immediate and preferential increase in the synthesis of stable RNA is seen, although there is no immediate increase in the total rate of RNA synthesis.
Stringent strains of microorganisms have been defined as those which fail to synthesize RNA during amino acid starvation. From our findings, we must conclude that the stringency of RNA control concerns primarily net RNA synthesis; thus, those theories attempting to explain this control by a central mechanism operating over the synthesis of all RNA's seem to require a reevaluation. This interpretation is given additional support in the recent observations that the messengers for f3-galactosidase,20 and tryptophane synthetase, can be made at near normal rates during amino acid starvation.
Finally, the results of these experiments may be taken as evidence that the synthesis of RNA is noncoordinate and that during amino acid starvation messenger RNA, but not ribosomal and transfer RNA, is made. Clearly this interpretation involves the assumption that the ribosomal and transfer RNA's are stable, and the messenger RNA's unstable, during amino acid starvation. This assumption is supported by studies on the RNA accumulation during amino acid starvation of a mutant of E. coli that has lost the stringent control over RNA synthesis.22 In this case it is shown that transfer RNA is stable, while ribosomal RNA is subject to no turnover or, at most, a slow one. Similar results are obtained as well from studies on the RNA accumulating in cells in which protein synthesis is blocked by chloramphenicol.231-5 The conclusion that RNA synthesis is noncoordinate is also obtained from studies where the RNA made during amino acid starvation is characterized by its GC content;21 however, where these same measurements have been based on DNA-RNA hybridization, the opposite conclusion has been reached. 27 Summary.-Stringent strains of Escherichia coli synthesize significant amounts of RNA during amino acid limitation of protein synthesis. The inhibition in the uptake of a radioactive precursor of RNA, under these conditions, is largely explained by a failure of RNA precursors to enter the cells' ribonucleotide poolsa fact demonstrated by directly determining the specific activity of the intracellular ribonucleotide triphosphate while measuring the rate of incorporation of the precursor into RNA.
During isoleucine starvation of E. coli K-12, or valyl-tRNA limitation of a temperature-sensitive mutant, E. coli NP-29 (I-9), the synthesis of an amount of RNA, at least comparable to the amount of unstable RNA made in control cultures, is measured. This RNA, being largely unstable, is detected only by procedures which bypass the problem imposed by the preferential reutilization of degradation products of the unstable RNA in RNA synthesis.
